Soils contaminated with low levels of heavy metals and other trace elements are now frequently used for vegetable growing. In this situation, heavy metals and trace elements from these polluted soils may accumulate in the agricultural plants being grown in them and thereby enter the human food chain. The objectives of this study are to elucidate the effects of growth conditions, manipulated by the crop covers, on the phytoaccumulation of elements, and to investigate the conceivable influences of these conditions on the plant biochemistry. In three consecutive years of field experiments, open air (T 0 ), and floating rowcover treatments (T 1 : perforated polyethylene 50 lm; T 2 : polypropylene 17 g m À2 ) were used to produce different environmental conditions for the growth of Chinese cabbage [Brassica rapa L. (Pekinensis group) cv. ÔNagaoka 50Õ]. Five samplings (whole tops) were carried out from transplanting to harvest and measurements of B, Al, Ag, Si and Ca concentration as well as phenolics (orto-diphenols, total phenols and anthocyanins), pectic fractions, amino acids (histidine, phenylalanine and tyrosine) and polyphenol oxidase activity, were carried out in samples. The T 1 (perforated polyethylene sheet) gave greater B, Al, Ag and Si concentration and phytoextraction (in weight units) than the open-air control. These findings can help to develop new cost-effective techniques for phytoremediation as the application of plastic covers in the field. The build-up of heavy metals in those crops would make the product less suitable for human consumption.
Introduction
The cultivation of table vegetables with floating rowcovers is used as season-extending technology (Lamont, 1996; Pulgar et al., 2001 ) because rowcovers can promote earliness by improving thermal conditions for roots and shoots (Wurr and Fellows, 1998; Moreno et al., 2001) . The application of this technique for early production of Chinese cabbage under less suitable conditions, such as those prevalent in agricultural areas of Granada (Southeastern Spain), has increased biomass and marketable yield up to five-fold greater than in open-air cultivation (Moreno et al., 2002a) . Nevertheless, little information is available on how the thermal regime generated by rowcovers influences the nutrition and metabolism of these plants.
Adequate boron (B) nutrition is critical for high yields and researchers over the years have observed a close relationship between the primary cell walls and B nutrition (Blevins and Lukaszewski, 1998) , highly correlated and mainly associated with cell-wall pectin, protecting calcium (Ca) in the cell wall (Matoh et al., 2000) , helping to stabilize membrane structure because of the cross-linking of pectins by Ca (Wimmer and Goldbach, 1999) .
Polyphenol oxidase normaly bound to membranes or walls becomes active when released under B-inadequate Chemosphere 52 (2003) [1031] [1032] [1033] [1034] [1035] [1036] [1037] [1038] [1039] [1040] www.elsevier.com/locate/chemosphere conditions, altering plant metabolism and increasing phenolic synthesis (Ruiz et al., 1999) , taking part in protection against, and has also been used as bioindicator of, aluminium toxicity under field conditions (Giertych et al., 1999) . Silicon (Si) also appears to influence the content and metabolism of phenols interacting with pectins and phenols (Carver et al., 1998) , but Si addition exhibits little effect on the Ca concentration in the shoots of plants (Liang, 1999) . On the other hand, there is no evidence that silver (Ag) is essential for any living organism (Hirsch, 1998) but excess Ag in the nutrient solution has reportedly resulted in excess Ag accumulation while significantly depressing the Ca content (Ouzounidou and Constantinidou, 1999) . The aromatic amino acids, phenylalanine and tyrosine, which are derived from the shikimate pathway, are required for protein synthesis and for the production of a large variety of aromatic secondary metabolites including phenylpropanoid compounds such as phenolic esters, anthocyanins and lignin (Solecka et al., 1999) . The biosynthesis of these aromatic secondary metabolites is regulated by development and environmental stimuli such as light, pathogens, and wounding, and these aromatic amino acids exert regulatory feedback control over carbon flux through the shikimate pathway, as well as affecting pathways outside of aromatic aminoacid biosynthesis (Weisshaar and Jenkins, 1998; Schmid and Amrhein, 1999) , and are also known to be important for cell wall extensibility (Cosgrove, 1999) .
In this sense, the objectives of this study are to elucidate the effects of growth conditions, manipulated by the crop covers, on the accumulation of B, Al, Ag, Si and Ca, and to investigate the conceivable influences of these conditions on the biochemistry of these plants. We also studied the response of parameters of the phenolic metabolism and pectic composition of Chinese cabbage. It is hypothesized that growth conditions under floating rowcovers contribute to higher accumulation of elements in field grown Chinese cabbage plants.
Material and methods
The experiments were conducted in 1994, 1995 and 1996 , and the covers kept on as long as possible to generate environmental differences between treatments. The covers were removed permanently when they began to interfere with further plant growth (80 days of age). The last sampling was taken at 95 days of age.
The treatments were as follows:
Crop-covering materials:
• Perforated polyethylene (T 1 ), 50 lm thick, 500 holes m À2 , each 10 mm in diameter. Perforated plastic cover to improve the thermal regime conditions, low permeability.
• Polypropylene non-woven fleece (T 2 ), agrotextyle Agryl-P17 (Sodoca â Mfg, France). Non-perforated fleece cover with high permeability. Control (T 0 ), uncovered cultivation.
Floating rowcovers consist of a piece of netting larger than the area to be covered. The piece is laid out over the bed, leaving some slack for growth. Edges are secured by scooping soil onto the cloth to completely cover the edge. The cover is anchored with rocks or other weights.
All growing conditions and the testing of the conditions have been described previously (Table 1; Moreno et al., 2001 Moreno et al., , 2002a . Commercial NPK fertilizer was mixed into the soil at planting and twice throughout development and plants received 20 g N m À2 , 10 g P m
À2
and 35 g K m À2 . The soil samples were taken before planting. The agricultural soil was a Xerofluvent or calcareous Fluvisol (45.3% sand, 43.2% silt and 11.2% clay). Tables 2 and 3 show the characterization of the P < 0:001 P < 0:001 P < 0:01 P < 0:01 P < 0:001 * Mean values (n ¼ 3320) within a column, followed by different lowercase-letter are significantly different at P < 0:05 (DMRT). soil and irrigation water samples, respectively. The plants were flood irrigated at transplanting to aid establishment and weekly during growth.
Plants were sampled at 15-day intervals throughout the growing cycle (from transplanting to head harvest) and samples of four plants were taken from each plot. The roots were cut off and, in the laboratory, the samples (whole tops) were washed thoroughly in distilled water after washing with 1% non-ionic detergent and then blotted on filter paper. For the assay of Al, Ag, Si, Ca and B concentrations, oven-dried and pulverized plant material was digested with concentrated nitric acid and 30% hydrogen peroxide, and measurement of Al, Ag, Si and Ca was carried out by using an atomic absorption spectrophotometer, and of B was determined by the azometine-H reagent method (Wolf, 1974) .
For the soluble B, Al, Ag and Si determinations, dry matter (0.15 g) was extracted with 10 ml 1 M hydrochloric acid for 30 min and then filtered, and were determinated using the method indicated above.
Soluble Ca was analyzed from an aqueous extraction following the same procedure described for total forms by atomic absorption espectrophotometry.
For the determination of anthocyanins, leaf disks (3 mm diameter; approximately 50 mg fresh weight) were submerged in dimethylsulphoxide and maintained during 90 min in water bath at 65°C (Hiscox and Israelstam, 1979) , and then were determined espectrophotometrically at k ¼ 530 nm (Arora and Bajaj, 1981) .
The phenols of the plant material were extracted with MeOH:CHCl 3 :(1%)NaCl (2:2:1). Total phenolic (TPh) content was assayed quantitatively by absorbance at 765 nm with Folin-Ciocalteau reagent (Singleton and Rossi, 1965; Ruiz et al., 1999) . The ortho-diphenols (O-dPh) were determined by absorbance at 360 nm (Johnson and Schaal, 1957; Giertych et al., 1999) .
For the extraction and assay of polyphenol oxidase (PPO, EC 1.14.18.1), 1 g fresh plant material was ground with 10 ml of 0.1 M buffer phosphate pH 7.0 containing 1.5% polyvinylpyrrolidone. The homogenate was filtered and centrifuged at 15000g for 15 min (Sharon-Raber and Kahn, 1983) , and the supernatant was used for the PPO assay. The assay mixture (3.05 ml final volume) consisted of: 50 ll of 0.58% (v/v) Triton X-100; 50 ll extract; 30 lM caffeic acid and homogenization buffer (Sharon and Kahn, 1979) . The PPO activity was measured by the change in absorbancy (t ¼ 75 and 135 s) at 370 nm of the assay mixture (30°C) based on the disappearance of caffeic acid, and results were expressed as lmol caffeic acid oxidized g À1 f.w. h À1 (Fujita et al., 1991) . The phenylalanine and tyrosine were determined in dry mass using the previously described double derivatization with o-phthaldialdehyde and 9-fluorenylmethyl choroformate (FMOC-Cl) and eluting the FMOC derivatives by using an automated HPLC system (Jones and Gilligan, 1983; Pfeifer and Hill, 1983) .
The pectic substances were determined by successive extractions with distilled water, 1% ammonium oxalate, and 0.05 N sodium hydroxide (Roe and Bruemmer, 1981; Ketsa et al., 1998) . Each type was analyzed by the colorimetric reaction between carbazole and the anhydrogalacturonic acids of the pectin as described by McCready and McComb (1952) .
Data were subjected to analysis of variance (ANOVA) procedures and means were separated using DuncanÕs multiple range test (DMRT, P < 0:05). Simple regression analyses were also used, together with correlations between parameters.
Results of the parameters measured, varied slightly between years. Similarly, the trends of the parameters measured varied slightly between treatments in the temporal evolution study. The homogeneity of variance was tested by accepted methods (Bender et al., 1989; Gonzalez and Ollero, 1997 ) and found to be nonsignificant. Therefore, statistical analyses of the data from each year, as well as the data from the different treatments in the temporal evolution study were pooled to avoid duplication of the calculations and to simplify presentation of results. 
Results
Over the three experimental years, the mean air temperatures registered their highest values in T 1 , surpassing T 0 , while T 2 gave an intermediate value (Table  1) . Root temperatures at 5 cm in depth were also higher in T 1 and T 2 than in T 0 . Relative humidity in T 1 and T 2 , exceeded that of the open air. On the other hand, T 1 and T 2 treatments reduced the solar radiation that reached the plants, for a mean screening of 13% with respect to T 0 . The cumulative solar radiation or radiant exposure in T 1 and T 2 was consequently reduced, with regard to the open air (Moreno et al., 2002a) .
The influence of the thermal regime on the production of fresh weight was most notable in T 1 , which had the highest yield, surpassing T 0 by 123%, while T 2 surpassed T 0 by 105%. Similarly, the dry weight of the shoot was highest at T 1 exceeding T 0 by 34%, while T 2 exceeded T 0 values by 18%.
The total concentration of B, Al, Ag and Si were higher in T 1 and T 2 than in the open-air plots T 0 (Table  4) . The soluble fraction of B was highest at T 2 , whereas, soluble Al in T 1 and T 2 , as well as soluble Si and Ag in T 1 were higher than in the control. The Ca concentrations were not significantly affected by the treatments.
The changes in concentrations units over the development (Fig. 1) , showed that Ag, Si and Al, decreased over the coarse of the growing cycle (P < 0:001). However, B and Ca increased with crop age (P < 0:001).
With respect to the thermal effect on the accumulation or uptake (taking in account concentration and biomass) of B, Al, Si and Ca (Table 5) , the levels of total elements were highest in T 1 , significantly lower at T 2 , being T 0 the lowest. The relationship between concentration and biomass throughout the plant development, showed increasing levels (P < 0:001; Fig. 2 ) with plant age.
The PPO activity (Table 6 ) was higher at T 0 , as well as the anthocyanins, O-dPh, and TPh, whereas the phenylalanine and tyrosine contents were quite similar in T 1 and T 2 , higher than in the control.
During the growing cycles, the biochemical activity of the oxidative and phenolic metabolism (PPO, Fig. 3 ) increased (P < 0:001). The anthocyanins (Fig. 4A) , O-dPh and TPh (Fig. 4B) , as well as tyrosine and phenylalanine (Fig. 4C) , showed the highest (P < 0:001) contents in the 50-day period.
The influence of the environmental conditions under the different treatments on the pectic composition (Table  7) also proved significant, with hydro-or water-soluble pectins being higher in T 2 , followed by T 1 and the control, whereas pectates in T 1 and T 2 were near equal and surpassing T 0 . The protopectins or alkali-soluble pectins, showed their highest value in T 1 , without significant differences between T 2 and T 0 . When considering the total of pectins, were similar in T 1 and T 2 surpassing T 0 .
The changes with crop age in the pectic fractions (Fig. 5) were notable in the hydrosoluble fraction showing highest levels at the 50-day phase (P < 0:01), whereas pectates, protopectins and total-pectin content, increased with plant age (P < 0:001).
Discussion
The T 1 -perforated polyethylene sheet and T 2 -polypropylene non-woven fleece improved the growing conditions for Chinese cabbage in comparison to the open-air T 0 , and gave higher B, Al, Si and Ag concentrations, due to higher aerial and root temperatures, greater humidity, while reduced radiation--which did not limit growth for being offset by the positive effects of the other conditions-- (Wurr and Fellows, 1998; Moreno et al., 2002a,b) . Thus, the growing conditions under the covered treatments boosted crop biomass (data not shown; Pulgar et al., 2001) , resulting in higher hydric P < 0:05 P < 0:01 P < 0:05 P < 0:001 n.s. * Data represent mean values of the four replications per treatment and five samplings in the three years of experiments. Mean values within a column, followed by different lowercase-letter are significantly different at P < 0:05 (DMRT). P < 0:05 P < 0:05 P < 0:05 P < 0:01 P < 0:05 * Data represent mean values of the four replications per treatment and five samplings in the three years of experiments. Mean values within a column, followed by different lowercase-letter are significantly different at P < 0:05 (DMRT). content (unpublished data) and greater amount of total elements and soluble fractions (Tables 4 and 5 ).
The changes with crop age show patterns distinct of each element and could be related to their ability to move within the plant (Fig. 1) . Thus total B and Ca, accumulated with crop age, while the Al, Ag and Si concentrations, together with the Si soluble fraction, dipped possibly by dilution with plant growth. The higher uptake of B and Si in T 1 and T 2 may detoxify Al by coprecipitation with Al codeposited with Si, as a defence mechanism against Al (Epstein, 1999) .
The relationship between phenolic metabolism and B may lead to a hidden deficiency or sub-optimal state of B in T 0 , because, although the B concentrations greater than 100 mg kg À1 d.w. are considered to be increasingly toxic (Shannon et al., 1999) , the narrow range between B requirement and B toxicity has been continuously questioned (Nable et al., 1997) . Nevertheless, the requirements for this species are high, as in other Brassicaceae (Nable et al., 1997) , and higher contents coincided with the highest phenolic contents and the highest PPO in T 0 (Table 6 ), which could reflect and imbalance in B (Blevins and Lukaszewski, 1998; Ruiz et al., 1999) . It is known that different conditions of the nutritional state of B (Ruiz et al., 1999) with low temperatures (Zhang et al., 1997) and high illumination or irradiation (Solecka et al., 1999) favour higher phenolic metabolism, as in our T 0 (PPO, anthocyanins, O-dPh and TPh, Table 3 ), while better growing conditions (those of T 1 and T 2 ) lower the phenolic concentration (Ruiz et al., 1999; Schmid and Amrhein, 1999) . Anthocyanins (Fig. 4A) , phenolics (O-dPh, TPh; Fig. 4B ) and the Phe and Tyr (Fig. 4C) , changed with crop age, due to the greater growth and physiological activity in the phase spanning 35-50 days old, as occurred in other metabolic processes (N metabolism, carbohydrates; unpublished data), resulting in greater assimilation and dry-weight production (Moreno et al., , 2002a , both by growth and for adaptation to imposed environmental conditions (Wurr and Fellows, 1998) .
The higher content of cell-wall pectins with higher B, Al and Ca contents may be important particularly in the reaction of Al with Ca and B in the pectate fraction (Kochian, 1995; Chang et al., 1999) . The changes in the pectin fractions were plotted against crop age and the evolution of pectin concentration proved similar, rising steadly (Fig. 5 ) throughout development linked to synthesis of the molecules making up pectin compounds (Ketsa et al., 1998) , except for water soluble pectins, and therefore this fraction served as a reserve for the synthesis of the others (Roe and Bruemmer, 1981; Ketsa et al., 1999) .
Internal detoxification mechanisms of toxic elements include chelation in the cytosol by organic acids, proteins or other ligands, comparmentation in the vacuole, and elevated enzyme activity (Kochian, 1995; Giertych , 1999) . Detoxification of heavy metals in plants was achieved by the formation different complexes, and amino acids and phenolic compounds, have all been implicated in the chelation and precipitation of heavy metals (Neumann and zur Nieden, 2001) . Given that the tolerance in higher plants is the result of very different processes which prevent toxic heavy-metal concentration in the cytoplasm and organelles, and these processes are element-and species-specific, in the aboveground parts of Chinese cabbage, the total B, Al and Si accumulation as well as amino-acid and pectin concentrations were higher in T 1 and T 2 . The response of Si and phenylalanine, as well as the results of Al and hydrosoluble pectins, showed analogous responses to the treatments and analogous trends of changes during growing cycle. These results suggest the possible involvement of amino acids and pectins in the physiological inactivation of dangerous and non-essential trace elements. The extent of elemental removal in the field was appreciably more favored in T 1 and T 2 . This technique of floating row covers could be used in contaminated zones for all plants, not just plants efficient at taking up metals and other elements , because the thermal effect favours the process of phytoextraction and thus reduces the contamination by using established crop production and management practices. Nevertheless, toxic substances accumulated in plants such as trace elements, due to agricultural soil and irrigation water pollution (phytoextraction), makes the plant material less suitable for use as fodder and for human consumption. 459b  439b  1403b  T 1  550ab  501a  467a  1572a  T 2 604a 506a 445b 1501a ANOVA-sig. P < 0:01 P < 0:01 P < 0:05 P < 0:01 * Data represent mean values of the four replications per treatment and five samplings in the three years of experiments. Mean values within a column, followed by different lowercase-letter are significantly different at P < 0:05 (DMRT). 
